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ABSTRACT 

We report the properties of the interacting SO galaxy NGC 5195 (M51B), revealed in a pixel 
analysis using the HST/ACS images in the F435W, F555W and F814W {BVI) bands. We 
analyze the pixel color-magnitude diagram (pCMD) of NGC 5195, focusing on the properties of 
its red and blue pixel sequences and the difference from the pCMD of NGC 5194 (M51A; the 
spiral galaxy interacting with NGC 5195). The red pixel sequence of NGC 5195 is redder than 
that of NGC 5194, which corresponds to the difference in the dust optical depth of 2 < Ary < 4 
at fixed age and metallicity. The blue pixel sequence of NGC 5195 is very weak and spatially 
corresponds to the tidal bridge between the two interacting galaxies. This implies that the blue 
pixel sequence is not an ordinary feature in the pCMD of an early-type galaxy, but that it is 
a transient feature of star formation caused by the galaxy-galaxy interaction. We also find a 
difference in the shapes of the red pixel sequences on the pixel color-color diagrams (pCCDs) 
of NGC 5194 and NGC 5195. We investigate the spatial distributions of the pCCD-based pixel 
stellar populations. The young population fraction in the tidal bridge area is larger than that 
in other areas by a factor > 15. Along the tidal bridge, young populations seem to be clumped 
particularly at the middle point of the bridge. On the other hand, the dusty population shows a 
relatively wide distribution between the tidal bridge and the NGC 5195 center. 



Subject tieadings: galcixies: evolution — galaxies: elliptical and lenticular, cD 
galaxies: interactions — galaxies: individual (M51, NGC 5195) 



galaxies: spiral 



INTRODUCTION 



NGC 5195 is an SBO galaxy (jSandage fc Tammann 



19871 ) interacting with the face-on spiral galaxy 
NGC 5194. Since this interacting system (NGC 
5194 + NGC 5195; also called as M51) is very 
nearby from us and has a face-on inclination, the 
two interacting galaxies are very good targets to 
study the effects of tidal interaction on the stel- 
lar populations and interstellar medium of the 
galaxies. In this reason, since Lord Rosse pre- 
sented the nice sketch of M51 in the middle of 
19th century, many studies have been carried out 
about M51 in various wavelengths and methods. 
The galaxy interaction must largely affect the dis- 



tribution of interstellar medium, which can be 
studied thro ugh infrared and radio observations. 
Smith (1982!) estimated the far- infrared luminosity 



of this system and the contribution of NGC 5195 
(estimated to be IQ^^Lq, about one t hird of the 
total far-infrared luminosity). Later, iRots et al 



(|l99n[ ) mvestigated the H i morphology of M51, 
such as warp, oval distortion, streaming motion 
along the spiral arms, tidal tails and bridges. More 
recently, CO imaging studies revealed that the to- 
tal molecular gas masses of NGC 5194 and NGC 
5195 are 4.9 x lO^M^^and 7.8 x IQHIq respec- 



tively (jKoda et al.ll201ll) . and that the molecular 
gas in the central region of NGC 5195 is gravita- 
tionally too stable to form the dense cores (which 
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is the reason why the massive star formation in 
NGC 5195 seems to be s uppressed in spite of the 
abundant molecular gas: iKohno et al. 2002). 

While the infrared and radio studies are use- 
ful to study the properties of interstellar medium, 
studies in the optical bands are necessary to un- 
derstand th e prop erties of stellar populations. 



Dobbs et al.l (|20ltf ) reproduced the present day 
spiral structure of NGC 5194 and many details of 
the tidal interaction between NGC 5194 and NGC 
5195 in hydrodynamic simulations, finding that at 
most times there is no offset between the stars and 
gas within errorbars. That is, it is inferred that 
the tidal interaction must have affected the stellar 
populations as well as the interstellar medium in 
M51. 

The studies of M51 in the 
also have a v e ry lo ng hi story. 



optical bands 
^ For exa mple, 

Okamura et al.l (|l976l ) and iBurkheadI (|l978l ) con- 
ducted surface photometry of NGC 5194 and NGC 
5195, revealing their basic photometric struc- 
tures. However, the studies of stellar light in 
M51 were relatively less active than those of gas 
or dust in M51. An important chance activat- 
ing the optical studies on M51 was the obser- 
vation of it using the Hubble Space Telescope 
(HST). Recently, the very large area of the in- 
teracting system M51 was covered using the HST 
and Advanced Camera for Surveys (ACS) with 
very high resolution by the Hubble Heritage Team 



(|Mutchler et al.l 12005^ . This high-quality data 



(combined with several other data sets) enabled 
many interesting studies on M51: the ages and 



spatial distribution of their star clusters ( Lee et al 

I I— : — II I r— — 1 . 



20051: iHwang fc Lcc 2008, '20101^ the p roperties of 
bright stars tKaleida fc Scowen 120101) . the lumi - 
nosity function of Hii region s (Lee et ahl 201 lal) 



the effects 



of in teraction 
l2008l) . and so 



20031 



(|Durrell et al.l 
on. Those previous 



Meidt et al 

studies analyzed the entire system of M51 or 
mainly focused on the properties of NGC 5194, 
but studies focusing on the properties of NGC 
5195 are relatively rare. 

One of such rare studies is the study of faint 
fuzzy clusters in NGC 5195 by iHwang &: Lee 
( 20061 ). They found about 50 faint fuzzy star clus- 
ters around NGC 5195 that are redder and larger 
than typical globular clusters. Interestingly, most 
of those clusters are scattered in an elongated re- 
gion almost perpendicular to the northern spiral 



arm of NGC 5194, and the center of the region is 
slightly north of the NGC 5195 center, while nor- 
mal compact red clusters of NGC 5195 are located 
around the br i ght op tical body of the host galaxy. 
Hwang fc Lei (j2006l) suggested that at least some 



faint fuzzy clusters are experiencing tidal interac- 
tions with the companion galaxy NGC 5194 and 
must be associated with the tidal debris in the 
western halo of NGC 5195, which means that the 
tidal interaction between galaxies directly affects 
the stellar properties. However, using stellar pho- 
tometry, only star clusters or very bright stars can 
be studied, because most stars in NGC 5195 are 
not resolved in our current image data. 

One powerful approach to the stellar population 
analysis for the objects that are not close enough 
to resolve their individual stars (su ch as NGC 
5195) is the pixel an a lysis (e.g.|Kassin et al. 20031 : 



de Griis et all l2003l : iLanvon-Foster et al.l \2001Vi 



In this method, the individual pixels (instead of 
stars) are used as a unit for the stellar popu- 
lation analysis. The pixel color-magnitude dia- 
grams (pCMDs) and pixel color-color diagrams 
(pCCDs) provide constraints on the stellar proper- 
ties like age, metallicity and dust distributions and 
some collective proper ties of target gala xies such 
as galaxy morphology (|Lee et al.ll2011bl hereafter 
Paper I). 

In Paper I, we used the pixel analysis method 
to investigate the stellar properties of NGC 5194, 
finding that the pCMD of NGC 5194 shows two 
major pixel sequences: red pixel sequence and blue 
pixel sequence, which represent old (> 1 Gyr) stel- 
lar population in the bulge and young (< 1 Gyr) 
stellar population in the disk, respectively. The 
color variation of the red pixel sequence corre- 
sponds to a metallicity variation of A[Fe/H] 2 
or an optical depth variation of Ary ~ 4 by dust, 
but the actual color variation is thought to be the 
combination of the two effects. The color varia- 
tion of the blue pixel sequence corresponds to age 
variation from 5 Myr to 300 Myr. We also found 
that the pixel population distributions agree with 
a compressing process by spiral density waves. In 
addition, the tidal interaction between NGC 5194 
and NGC 5195 appears to enhance the star forma- 
tion at the tidal bridge connecting the two galax- 
ies. 

This paper presents a pixel analysis of the in- 
teracting SO galaxy NGC 5195, subsequent to Pa- 
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Fig. 1.— B-V colormap of M51 (NGC 5194 + 
NGC 5195), using pixels brighter than V < 21.5 
mag arcsec"^. The solid line is the 7:3 division 
between the NGC 5194 and NGC 5195 centers and 
the color bar in the upper-right side shows the 
B — V color index ranges for the pseudo-colors. 

per I. The main goal of this paper is to improve the 
understanding of NGC 5195 properties using the 
pixel analysis method, particularly focusing on the 
effects of tidal interaction on the stellar properties. 
The outline of this paper is as follows. Section 2 
describes the data and our pixel analysis. The re- 
sults of the pixel analysis are shown in Section 3 
and discussed in Section 4. Section 5 gives the 
conclusion. Throughout this paper, we adopt the 
cosmological parameters: h = 0.7, f^A = 0.7, and 
f^A/ =0.3. 

2. DATA AND ANALYSIS 

All works in this paper have been carried out us- 
ing the data set obtained by the Hubble Heritage 
Team. They observed M51 using the HST Ad- 
vanced Camera for Surveys (ACS) with F435W, 
F555W, F814W and F658N filters as part of HST 
program 10452. The observation was completed 
in January 2005 and the data were publicly re- 
leased in April 2005, covering about 6.8' x 10.5' 
field centered on M51. The accumulated exposure 
times are 2720, 1360 and 1360 seconds in F435W, 



F555W and F814W, respectively. The basic data 
processing, multi-drizzling and image combination 
were done by the Space Telescope Science Institute 
(STScI) before the data release. More details on 
th e observation and dat a reduction are available 
in iMutchler et al. I (l2005l) . In this paper, we used 
F435W, F555W and F814W (hereafter, we refer to 
these filters simply as B, V and /, respectively |l] 
images. Pixel surface brightness and its photo- 
metric error have been derived using the science 
and weight image^. Based on the instruction of 
the HST Data Handbook for ACS (version 5.0), 
we derived the following equations for pixel AB 
magnitude and photometric error in each band: 



mp 



-2.5\0gPF + ZF, 



ep — 2.5 log e x {Pp x Wp) 



-0.5 



(1) 
(2) 



where mp, ep, Pp and Wp are pixel AB magni- 
tude, photometric error, science-image pixel value 
and weight-image pixel value in the F band (with 
F — B, V and /), respectively. Zp is magnitude 
zero point, with Zb = 25.6732, Zy = 25.7349 and 
Zj = 25.9366. Surface brightness is defined as AB 
magnitude per unit angular area (1 arcsec"^). 

The distance to NGC 5195 (i.e. the d i stance 
to M51) was estimated bv lFeldmeier et all (|l997t ) 
using the planetary nebula luminosity function, 
which we adopted in this paper: 8.4 ± 0.6 Mpc 
{m - M = 29.62 ± 0.15). Thi s distance w a s con - 
firmed by the recent study of Vinko et al. ( 20121 ) 
using supernovae: 8.4 ± 0.7 Mpc. At this dis- 
tance, the linear scale is 40 parsecs per arcsec- 
ond, which corresponds to 2.0 parsecs per pixel for 
the HST/ ACS pixel size of 0.05". The foreground 
reddening toward M51 is E{B - V) = 0.035, 
with the extinction in each band: An = 0.150 , 
Ay = 0.115 and At = 0. 067 mag (ICardelh et al 



19891 : ISchlegel et alj[l998h . Ah magnitudes, sur- 
face brightnesses and colors in this paper have 
been corrected for the foreground extinction. 

The angular pixel scale of the HST/ ACS images 
is 0.05", but the typical full width at half maxi- 
mum (FWHM) of a point source in the HST/ AGS 
is about 0.1". Thus, to ensure that each pixel is 



^Thus, in this paper, BVI notations do not indicate the 
Johnson BVI filters. 

^The M51 Hubble Heritage Program data and related in- 
formation can be retrieved from the following webpage: 
|http://archi ve.stsci.edu/prepds/m51/index.html I 
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statistically independent of the surrounding pix- 
els in the pixel analysis, it is necessary to bin the 
pixels by a factor of at least 2. In this paper, we 
binned the pixels by a factor of 4 (4 x 4 binning) 
to improve the signal-to-noise ratio for each pixel. 
After the binning, even very faint pixels have rel- 
atively good photometric quality (photometric er- 
ror ;$ 0.1 mag arcsec"^). 

Subsequent to the pixel analysis of NGC 5194 
in Paper I, we analyze NGC 5195 here. NGC 
5195 seems to have the internal dust attenuation 
features different from that of NGC 5194, which 
makes the pixel properties of NGC 5195 very dif- 
ferent. We divided NGC 5194 and NGC 5195 us- 
ing a line that is vertical to the line connecting 
the centers of the two galaxies and by which the 
center-connecting line is divided with a distance 
ratio of 7:3, as shown in Figure [T] The central co- 
ordinate (J2000) of NGC 5195 is RA = 13h 29m 
59.54s and Dec = 4-47d 15m 58.3s, while that of 
NGC 5194 is RA = 13h 29m 52.72s and Dec = 
-|-47d 11m 43.4s, which are directly estimated us- 
ing the HST/ ACS V-hand drizzled image. The 
pixel analysis in this paper is carried out for the 
NGC 5195 area and the tidal bridge between the 
two galaxies. 

3. RESULTS 
3.1. pCMD 

3.1.1. Color distribution as a function of surface 
brightness 

We first analyzed the pCMDs of NGC 5195 
with 4x4 binning, which are shown in Figure [2] 
In those pCMDs, overall, brighter pixels tend to 
be redder, which is a trend similar to that of the 
red pixel sequence in NGC 5194 (Paper I). How- 
ever, the pCMDs of NGC5195 are clearly different 
from those of NGC 5194, in the sense that the 
blue pixel sequence is not as clear as that of NGC 
5194. In the NGC 5195 pCMDs, most pixels seem 
to form a red pixel sequence with very large color 
dispersion and very small fraction of pixels form 
one or two small blue pixel branches at faint sur- 
face brightness (mostly V ^ 21 mag arcsec"^) 0. 
The color dispersion of the 'red pixel sequence' is 



^Here, 'V actually means the surface brightness in the V 
band (i.e. fiy)- Throughout this paper, fiy is simply de- 
noted as V for convenience. 



very large and there are many very red pixels in 
the pCMDs. Such 'very red pixels' are also found 
in NGC 5194 (Paper I), but the amount of those 
pixels are much larger in NGC 5195. For exam- 
ple, at 20.5 <V< 21.0 mag arcsec^^, the reddest 
quarter of the NGC 5195 pixels have V ~ I colors 
redder than 0.885, while those of the NGC 5194 
pixels have V — I colors redder than 0.317. 

For a quantitative analysis of the pCMD fea- 
tures, we investigated the color distribution as a 
function of pixel surface brightness. In Figure [Sj 
the pixel color distribution is presented for ev- 
ery 0.5 mag interval between 17.5 < V < 23.0 
and fit using single or double Gaussian functions. 
The Gaussian fit parameters are summarized in 
Table [T] In Paper I, we showed that the pixel 
color distribution of NGC 5194 is also fit well using 
double Gaussian functions at most surface bright- 
ness ranges (and rarely single or triple Gaussian 
functions). However, the physical implication of 
the double Gaussian components in NGC 5195 is 
quite different from that in NGC 5194. The double 
Gaussian components in the pCMD of NGC 5194 
represent young disk pixels (blue pixel sequence) 
and old bulge pixels (red pixel sequence). On the 
other hand, the 'blue' Gaussians in the NGC 5195 
pCMDs do not represent disk pixels and actually 
they are not so blue. On average, the NGC 5195 
'blue' Gaussians are redder than the NGC 5194 red 
Gaussians; for example, at 19.0 < V < 19.5 mag 
arcsec"^, the NGC 5195 'blue' Gaussian peaks are 
B - V ^ 0.661 and F - / = 0.761, whereas the 
NGC 5194 red Gaussian peaks are B -V = 0.555 
V — I ~ 0.724. This indicates that most pixels 
in the NGC 5195 pCMD actually correspond to 
red sequence pixels. The 'red' Gaussians in the 
NGC 5195 pCMD seem to be the result of a strong 
dust attenuation of the red sequence pixels. As de- 
scribed in the previous paragraph, the blue pixel 
sequence is so rarely populated in the NGC 5195 
pCMD that those pixels are hardly found in the 
pixel color distribution plots. 

In Paper I, we divided the NGC 5194 pixels into 
red and blue pixels, with fixed color cuts defined 
using the double Gaussian fits at 18.5 < V < 19.5 
mag arcsec"^, because the blue and red Gaussians 
show the best separation at that surface bright- 
ness range. However, since there is no 'actually 
blue' Gaussian in Figure [3l we did not define fixed 
color cuts for NGC 5195. Instead, we manually 
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Fig. 2. — Left panels: pixel color versus magnitude diagrams (pCMDs) of NGC 5195 with 4x4 binning: 
B ~ V versus V (upper panel) and V — I versus V (lower panel). Right panels: contour maps showing the 
logarithmic pixel density distributions on the pCMDs of NGC 5195. 



selected the blue pixel sequences as shown in Fig- 
ure |4l Except for those very small number of blue 
sequence pixels, most pixels of NGC 5195 seem 
to form a large red pixel sequence. Figure [5] dis- 
plays the spatial distribution of the pixels in the 
blue and red pixel sequences at V < 21.5 mag 
arcsec"^. While the red sequence pixels are al- 
most evenly distributed over NGC 5195, the blue 
sequence pixels are tightly gathered. The blue pix- 
els form a stream-like feature, which is connected 
to the tidal bridge between NGC 5194 and NGC 
5195, and weakly winds around NGC 5195. 

It is noted that the spatial distributions of the 
two blue pixel sequences are obviously distinct. 
The pixels in the faint-blue-side blue pixel se- 
quence are mostly clustered toward the middle 
point of the tidal bridge, while the pixels in the 
bright-red-side blue pixel sequence are relatively 
close to the NGC 5195 main body. These spatial 
distributions show a possibility that the origin of 
the separated two blue pixel sequences is the dif- 
ference in the dust extinction between the two lo- 
cations (more details of the dust distribution in 
NGC 5195 is discussed in Section [32]) • 

In Figure IH the median colors of the red se- 
quence pixels as a function of surface brightness 



are overlaid. Since most pixels belong to the red 
pixel sequence, there is no actual difference be- 
tween the median colors of the red sequence pixels 
and those of all the pixels. The red pixel sequence 
does not have a simple shape, but its slope ob- 
viously varies particularly in the V versus V — I 
pCMD. For example, the red sequence between 
V ~ 19.5 and 21.0 is almost parallel to the Y-axis 
(magnitude-axis), while that between V w 18.0 
and 19.5 is significantly tilted. These slope varia- 
tions may be related to the transition between the 
structural components of NGC 5195 (e.g., bulge, 
bar and disk) with surface brightness, but any 
clear matching between surface brightness ranges 
and structural components is not found. The red 
pixel sequence shows very large scatters in color, 
which may be due to the spread in the internal 
dust extinction. From the comparison with the 
dust extinction vector, the color dispersion of the 
red pixel sequence corresponds to Ary ^4 — 5, 
where ry is the dust optical depth in the V band. 
The parameters describing the red pixel sequence 
are listed in Table [2] 
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Fig. 3. — Color distributions as a function of 
pixel surface brightness with Gaussian fits. The 
dashed curves are individual Gaussians and the 
solid curves are the summed forms. For compar- 
ison, the pixel color distributions of NGC 5194 
are overlaid as shaded histograms with adjusted 
scales. 

3.1.2. Resolution dependence 

Since the pCMD features may vary as a func- 
tion of image resolution, its resolution dependence 
needs to be checked. For NGC 5194, in Paper I, 
100 pc pixel" ^ was a critical resolution, in the 
sense that important pCMD features are hardly 
distinguished in the resolutions worse than that. 
In Figure [6l we carried out a similar test for NGC 
5195: the variation of the NGC 5195 pCMDs with 
different binning factors: 20 x 20, 50 x 50, 100 x 100 
and 200 x 200 (corresponding to 40, 100, 200 and 
400 pc pixel"^ resolutions, respectively). 

Like the trend for the NGC 5194 pCMDs, the 
color dispersion in the pCMD decreases as the spa- 
tial resolution becomes poor for the NGC 5195 
pCMDs. The red pixel sequence does not seem 
to depend on spatial resolution significantly, while 
the blue pixel sequence is not distinguished at low 
resolution: recognizable marginally at the 100 x 
100 binned pCMD and hardly at the 200 x 200 
binned pCMD. These results support the argu- 
ment of Paper I that the pCMD analysis requires 



Fig. 4. — Pixel sequence definition on the B — V 
(upper panel) and V — I (lower panel) versus V 
diagrams. Open circles show the median colors at 
the given V surface brightness ranges and the er- 
rorbars indicate the sample inter-quartile ranges 
(SIQRs). The blue pixel sequences are manu- 
ally defined, which are bordered with boxes. The 
arrows show the vectors of dust extinction with 
Ty = 3. 



Fig. 5. — Spatial distributions of pixels {V < 
21.5 mag arcsec"^) in the red pixel sequences (grey 
dots) and in the blue pixel sequence (blue and red 
dots; selected in FigureS]), defined using (a) B — V 
and {h)V -I pCMDs. 



at least 100 pc pixel" ^ resolution, which may cor- 
respond to the minimum scale from which multi- 
ple stellar components in galaxy-scale structures 
are significantly singled out. Meanwhile, even in a 
resolution worse than 100 pc pixel" ^, the pCMD 
analysis of typical early- type galaxies (without in- 
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Fig. 6.— The pCMDs for different binning factors: (a) 20 x 20, (b) 50 x 50, (c) 100 x 100 and (d) 200 x 200 
pixels. Open rectangles show the median colors at the given V surface brightness ranges and the errorbars 
indicate the SIQRs. The overlaid contour maps show the logarithmic pixel density distributions. 



teraction or current star formation) may be pos- 
sible, because the entire shape of the red pixel se- 
quence itself does not significantly affected by spa- 
tial resolution. Table [2] lists the red pixel sequence 
parameters as a function of spatial resolution. 



3.2. Spatial Variation of Stellar Popula- 
tions 

3.2.1. Stellar population division based on pCCD 

We investigated the spatial distribution of the 
NGC 5195 pixels, simply divided into several pixel 
populations. In a 4 x 4 binned pixel (^^ 8 x 8 
pc^), the lights of many stars are integrated and 
the stars in each pixel may not be a simple stel- 
lar population (SSP) but a mixture of old stars 
and young stars. However, it is impossible to esti- 
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Fig. 7. — Pixel color-color diagrams (pC- 
CD s) with simple stellar pop ulation (SSP) mod- 
els ( Bruzual fc Chariot! 120031) . Dots are the pix- 
els with V < 20 mag arcsec"^ and the lines 
are SSP models with different metal abundances 
(Z = 0.02 is the solar abundance). Each panel 
shows the models with different total effective op- 
tical depth in the V band (ry) and fixed fraction 
of the ambient interstellar medium contribution 
(/Lt = 0.3 ), based on th e simp le two-component 
model of lCharlot fc Falll (|2000l ). The age of the 
SSP model at the lower-left end in each panel is 
about 0.1 Myr and that at the upper- right end is 
about 10 Gyr. The pixels are approximately di- 
vided into 6 populations: PI (young), P2 (young 
and dusty), P3 (intermediate), P4 (old), P4' (old 
and dusty) and P5 (non-stellar). 



mate the exact star formation history only using 
3-band colors, and thus we suppose that the stars 
in a given pixel are an SSP to estimate their ap- 
proximate age and metallicity by comparing their 
colors with population synthesis models. More de- 
tails about this approximation are discussed in Pa- 
per I. 

Figure [7] shows the pCCD of NGC 5195 with 
popu lation synthesis models (jBruzual fc Chariot 
20031) . In Paper I, we divided the NGC 5194 pixels 
into five pixel populations of PI - P5, which have 
different domains in the pCCD. However, the pixel 



distribution in the pCCD of NGC 5195 seems to 
be significantly shifted from that of NGC 5194 (see 
also Figure 10 of Paper I) toward increasing B — 
V and V — I colors. From the comparison with 
population synthesis models, this significant shift 
in the pCCD seems to have two causes: the lack 
of young blue stars and strong dust extinction for 
some old stars in NGC 5195. 

For this reason, the five pixel populations de- 
fined in Paper I are not enough to describe the 
pixel populations in NGC 5195. Thus, we added 
a new P4' population, which is even redder than 
the red pixel population P4. Except for P4 and 
P4', the definitions of the other pixel populations 
are the same as those in Paper I. The population 
division criteria used in this paper are listed in 
Appendix [X] 

A brief description with some approximation of 
physical quantities (age, metallicity and dust ex- 
tinction) for each pixel population is as follows (see 
also Paper I). 

PI: younger than 100 Myr and ry ~ 0. 

P2: younger than 10 Myr and ry > 1. 

P3: approximately 100 Myr - 1 Gyr old, but sig- 
nificantly degenerate in age, metallicity and 
dust attenuation. 

P4: approximately 1-10 Gyr old, but signif- 
icantly degenerate in age, metallicity and 
dust attenuation. 

P4' : older than 10 Gyr with Ty > 3. 

P5: possibly contaminated by the light from ex- 
tragalactic sources at high redshifts. 

Without dust extinction, even very old (~ 10 Gyr) 
populations can not have colors belonging to the 
P4' domain. For ry 5, the P4' pixels have SSP- 
equivalent ages > 10 Gyr with rich metallicity (Z 
> 0.02). Due to the limit of the two-color-based 
classification, the pixel classification in Figure [7] 
can be used just as a rough approximation. More- 
over, the significant dust extinction (which is inho- 
mogeneously distributed) makes the physical in- 
terpretation of the pixel populations much more 
difficult. Nevertheless, the PI, P2 and P4' pixels 
are thought to be relatively good approximations 
of young; young and dusty; and old and dusty 
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Fig. 8. — The pCMDs with the six populations 
defined in Figure [T] PI (blue), P2 (green), P3 
(grey), P4 (red), P4' (brown) and P5 (purple). 

stellar populations, respectively. Thus, our analy- 
sis on the population variation mainly focuses on 
these three pixel populations. 

Each population defined in the pCCD (Fig- 
ure [7|) shows a characteristic distribution also in 
the pCMDs, as shown in FigurelH The PI (young) 
pixels form the weak blue pixel sequences in the 
pCMDs, while P4 (old) pixels form the main body 
of the red pixel sequence. The P3 (intermediate) 
pixels seem to connect the blue with red pixel se- 
quences. It is noted that the two dusty popula- 
tions (P2 and P4') are defined just in the color- 
color domain (i.e. not based on their brightness 
information) , but their surface brightness domains 
are clearly distinct. That is, the surface bright- 
nesses of the P2 pixels range over 20.0 23.0 
mag arcsec"^, whereas those of P4' pixels range 
over 16.0 ^ V < 21.5 mag arcsec"^. The lack of 
young stars in NGC 5195 may be responsible for 
the low brightness of the PI and P2 pixels, both 
of which are thought to mainly consist of young 
stars (either dusty or not). 

Figure [5] displays the spatial distributions of the 
six pixel populations classified in Figure [T] The 
composition of pixel stellar populations strongly 
depend on the spatial location; particularly, the 




PI P2 P3 P4 P4' P5 1 arcmin 

f» 3.4 kpc 



Fig. 9. — Spatial distribution of the six popula- 
tions in NGC 5195, for pixels with V < 21.5 mag 
arcsec"^. The white cross is the NGC 5195 center: 
RA = 13h 29m 59.54s and Dec = +47d 15m 58.3s. 



tidal bridge between NGC 5194 and NGC 5195 
seems to affect significantly the pixel population 
composition. The PI pixels are mainly distributed 
along the tidal bridge and the outskirt of NGC 
5195. The dusty pixels (P2 and P4') also seem 
to be strongly affected by the tidal interaction be- 
tween the two galaxies. The P2 pixels are dis- 
tributed similarly to the PI pixels (i.e. along the 
tidal bridge), but gathered more closely to the 
NGC 5195 center. The P4' pixels are spatially inti- 
mate to the P2 pixels and distributed between the 
tidal bridge and the NGC 5195 center. The over- 
all distribution of the P2 and P4' pixels indicates 
that there exists much dust in the area between 
the tidal bridge and the NGC 5195 center. 

3.2.2. NGC 5195 mam body 

To investigate the pixel populations as a func- 
tion of location, we divided the NGC 5195 area 
into four sub-areas in Figure 1101 For this divi- 
sion, we drew three lines: (1) the line connecting 
the centers of NGC 5194 and NGC 5195, (2) the 
line that starts from the NGC 5195 center and is 
perpendicular to Line (1), and (3) the line distin- 



9 




Fig. 10. — Divided areas for the comparison of 
populations. The line from upper-left to lower- 
right (Line (l))connects the centers of NGC 5194 
and NGC 5195, to which the line between Al and 
A2 (Line (2)) is perpendicular. The hne between 
A3 and A4 (Line (3)) is manually selected to dis- 
tinguish the tidal bridge area (A4). Dots with 
different darkness indicate the pixels with differ- 
ent surface brightness: light (20.0 < V < 21.5 
mag arcsec"^), intermediate (19.0 < V < 20.0 
mag arcsec"^) and dark {V < 19.0 mag arcsec^^). 
The white cross is the NGC 5195 center. 

guishing the tidal bridge area (manually selected) . 
The equations for these lines are as follows: 

Line (1) : S - So ^ 3.679 (a - ao), (3) 
Line (2) : S - 6a = -0.272 {a - ao), (4) 
Line (3) : 6 - 6o = -3 (a - ao) + 87", (5) 

where a and 6 are RA and Dec in the unit of 
arcsec, and ao and 6o are the RA and Dec of the 
NGC 5195 center. The A3 area is toward the tidal 
bridge (A4), while the Al and A2 areas are the 
opposite sides. 

Figure [TT] shows the population variation along 
the areas Al - A4. The PI (young) fraction (/pi) 
is less than 0.02% in Al, A2 and A3, but it is as 
large as 0.3% in A4 (larger by a factor of > 15). 
The young and dusty population fraction {fp2) is 
less than 0.5% in Al and A2, but it is larger than 



Fig. 11. — Population variations along the areas 
Al - A4, for PI (young), P2 (young and dusty), 
P4 (old) and P4' (old and dusty) populations with 
V < 21.5 mag arcsec"^. The errorbars indicate 
the Poisson errors. 

10% in A3 and A4 (larger by a factor of > 20). 
The old population fraction (/p4) is very large in 
Al and A2 (> 98%), while it is relatively small in 
A3 (~ 76%) and A4 (~ 85%). The old and dusty 
population fraction {fp4') is small (< 1%) in Al, 
A2 and A4, but it is as large as 14% in A3 (larger 
by a factor of > 13). These results show that 
the fraction of young populations is significantly 
large in and around the tidal bridge and that the 
amount of dust is very large in the tidal-bridge- 
side main body of NGC 5195. 

3.2.3. Tidal bridge between NGC 5194 and NGC 
5195 

In Figure [12] and Figure [131 we investigated the 
pixel population variations along the tidal bridge 
between NGC 5194 and NGC 5195. Figure [H 
shows the tidal bridge, which is defined as the 
north-east-side area of Line (3) (see Equation [5]) . 
The relative location along the tidal bridge is de- 
noted as the angular separation (A0) from the line 
penetrating the NGC 5195 center and perpendic- 
ular to Line (3). 

With this area definition, Figure [13| shows the 
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Fig. 12. — Tidal bridge area, which is defined as 
the upper- left area of Line (3). The solid line is 
Line (3) and the dashed line is the boundary be- 
tween the NGC 5194 and NGC 5195 areas. The 
dotted lines are perpendicular to Line (3), denot- 
ing angular scales with one arcminute interval. 
The zero line (the long-dashed line) of the dot- 
ted lines is connected to the point closest to the 
NGC 5195 center, on Line (3). 

population variations along the tidal bridge. The 
most notable result in Figure [T3] is the peak (~ 

12%) of the PI population at Ae 110". This 

location corresponds to the middle point of the 
tidal bridge, where the tidal arms from NGC 5194 
and NGC 5195 meet with each other, as shown 
in Figure [T^ It is interesting that the /pi+p2 at 

Ae 10" is similar to that at AO 110". 

This means that young stars are clumped both at 
Ae ~ -110" and Ae ~ -10", but the tidal bridge 
middle point {Ae ^ —110") has dust smaller than 
that around the NGC 5195 center (Ae 10"). 

4. DISCUSSION 

4.1. Interpretation of the pCMD 

Blue pixel sequence 

Here, we discuss the physical implication of 
the pCMD features of NGC 5195 by comparing 
them with those of NGC 5194 shown in Paper I. 
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Fig. 13. — Population variations along the tidal 
bridge defined in Figure [T^l for PI (sohd), P2 
(short-dashed), P4 (long-dashed) and P4' (dot- 
dashed), with V < 21.5 mag arcsec"^. Note that 
the Y-axis is divided into four domains. The do- 
main division is logarithmic, but each domain is 
in linear scale. The errorbars indicate the Poisson 
errors. 



The most conspicuous feature of the NGC 5195 
pCMDs distinguished from the NGC 5194 pCMDs 
is that the NGC 5195 pCMDs have very weak blue 
sequences as shown in Figure S) In addition. Fig- 
ure [5] shows that the blue pixels (whose number is 
very small, compared to that of NGC 5194) form 
a stream-like feature in their spatial distribution. 
At a first glance, the 'blue pixel stream' seems to 
be the infall of young stars from NGC 5194 or the 
star formation regions along the infall of cold gas. 

Recently, iFont et aL ( 2011 ) found a gas infall 
between two interacting galaxies NGC 5426 and 
NGC 5427, an event similar to which may have 
happened between NGC 5194 and NGC 5195. The 
gas flow from NGC 5194 to NGC 5195 is also found 
in hy drodynamic simulations (e.g., iDobbs et al. 
20m . The blue pixels of NGC 5195 may trace 



this gas infall. That is, the blue pixels of NGC 
5195 are probably not an ordinary feature of a 
typical SO galaxy, but a feature reflecting the tidal 
interaction between the two galaxies. Under the 
assumptions of Z = 0.02 and Ty — 1, the estimated 
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SSP-equivalent ages of the blue pixels range from 
100 Myr to 1 Gyr, which indicates that the tidal 
interaction had been triggering star formation un- 
til very recent time. However, there is no clear ev- 
idence that excludes the possibility that the young 
stars in the tidal bridge were moved from the spiral 
arm of NGC 5195 rather than were born in situ. 
One moderate speculation is that both of them 
may have happened: some of the young stars may 
have been moved from NGC 5195 and the other 
may have been formed from the gas inflow from 
NGC 5195. 

4-. 1.2. Red pixel sequence 

Rather than the blue pixel sequence, the 
red pixel sequence represents the ordinary fea- 
ture of a typical SO ga laxy. According to 
Lanvon-Foster et al. ( 20071 ). the red pixel sequence 
is a principal feature to understand pCMDs of 
galaxies, particularly for early-type galaxies such 
as NGC 5195. Most pixels of NGC 5195 belong 
to the red pixel sequence, whereas the blue pix- 
els represent the transient properties triggered by 
the tidal interaction. Thus, the comparison of the 
red pixel sequences of NGC 5194 and NGC 5195 
shows the difference between the two galaxies, in 
the relatively long-lasting properties. 

The red pixel sequence in the NGC 5195 pCMD 
is systematically redder than that in the NGC 
5194 pCMD. For example, the median colors of the 
NGC 5195 red pixel sequence at V = 19.5 - 20.0 
mag arcsec-2 are B-V = 0.695 and V~I = 0.788, 
which are redder than those of the NGC 5194 
red pixel sequence by A(i? — V) ~ 0.205 and 
A(F — I) — 0.115. These differences vary with 
the surface brightness: A{B — V) = 0.187 and 
A{V-I) = 0.248 at V = 17.5-18.0 mag arcsec'^, 
and A{B - V) = 0.171 and A{V - I) = 0.153 
at V = 20.5 — 21.0 mag arcsec"^, but it is clear 
that the red pixel sequence of NGC 5195 is sig- 
nificantly redder than that of NGC 5194 at any 
surface brightness. 

In many previous studies, old stellar popula- 
tions in the bulges of spiral galaxies are kno wn to 
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be as old as those in ell i ptical galaxies (e.g..lLee 



1992; Sarzi et al. 2005: MacArthur et al 



20091) 



Thus, it is a possible assumption that the differ- 
ence in the mean age of red sequence pixels be- 
tween NGC 5194 and NGC 5195 may not be so 
large to cause significant differences in their col- 
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Fig. 14. — The red pixel sequence (= the to- 
tal pixel sequence; 17 < F < 20 mag arcsec"^) 
of NGC 5195 (solid line) and the red and total 
pixel sequences of NGC 5194 (long-dashed and 
dot-dashed lines, respectively) on the B — F versus 
V — I diagram. The grey dots are the NGC 5195 
pixels brighter than V = 20 mag arcsec"^. The 
color variation along dust extinction is denoted as 
an arrow and that along metallicity variation is 
denoted as a short-dashed line. The [Fe/H] values 
under the assumptions of 3 Gyr age and ry — I 
are denoted along the short-dashed line. 

ors. With this assumption, the main origin of the 
color difference between the red pixel sequences of 
the two galaxies would be the difference in metal- 
licity or dust. Figure [14] compares the red pixel 
sequences of the two galaxies on the pCCD and 
shows how the colors depend on metallicity and 
dust. As shown in this figure, the directions of 
dust and metallicity variation vectors are very sim- 
ilar in the pCCD, which makes it difficult to dis- 
tinguish the effects of metallicity and dust on the 
pixel colors. If the metallicities of the stars in the 
red pixel sequences of NGC 5194 and NGC 5195 
are not significantly different, the color difference 
in the red pixel sequence between NGC 5194 and 
NGC 5195 corresponds to the optical depth differ- 
ence of 2 < Atv < 4 by dust (-- 2 at F = 20 mag 
arcsec"^ and ~ 4 at = 17 mag arcsec"'^). 
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From several recent infrared observations, the 
dust mass distributio n in the M51 sys tem has been 
investigated (e.g., Dr aine et al.ll2007 ). In those re- 
sults, the dust mass in NGC 5195 was estimated to 
be smaUer than that in NGC 5194 by an order of 1 
or 2. Since the stellar mass of NGC 5195 is known 
to be smaller than that of NGC 5194 at most by 
a factor of 2, the estimated dust mass shows that 
the total dust-to-stellar mass ratio of NGC 5195 is 
much smaller than that of NGC 5194. This may 
seem to be contradictory to the argument in the 
previous paragraph, but not necessarily, because 
most of the dust mass in NGC 5194 may exist 
in its disk and spiral arms rather than its bulge 
that is the main area for red pixels. To confirm 
this problem, additional analysis of the detailed 
(pixel-scaled) distribution of dust mass using a 
high-resolution infr ared data such as th e Herschel 
Space Observatory ( Pilbratt et al. 20101 ) data will 
be useful, although the spatial resolution in the 
far-infrared band is still much poorer than that in 
the optical band. 

The red pixel sequence of NGC 5195 has a 
shape different from that of NGC 5194: the NGC 
5195 red pixel sequence is almost linear in the 
pCCD, while the NGC 5194 red pixel sequence 
is a broken line. The shape of the total (red -|- 
blue) pixel sequence of NGC 5194 is also similar 
to that of the NGC 5194 red pixel sequence. The 
color variations of the red pixel sequences in the 
NGC 5195 pCMDs (from V =17 mag arcsec^^ to 



A{B-V) 



0.097 and 



V = 20 mag arcsec ) are — 
^^^-^1 0.107, whereas those in the NGC 5194 
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pCMDs are ^ 



-V) 
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It is noted that the 



0.090 and 



A{B-V) 
AV 



Ay 



0.053. 



values are very similar 

between the two galaxies, but the ^'"^y^^ value of 
NGC 5195 is twice larger than that of NGC 5194. 

In Paper I, we suggested two major factors 
determining the overall features of the red pixel 
sequence of a galaxy: metallicity gradient (e.g . 
Ko fc Iml l2005t lla Barbera fc de Carvalhg i2009l: 



Tortora et al.ll2010[ ) a nd internal dust attenuatio n 
(e.g. red hook features; Lanvon- Foster et aLll2007t) . 
The red pixel sequence is thought to be relatively 
insensitive to recent star formation, but it reflects 
metallicity and dust content. The red pixel se- 
quence of NGC 5195 shows an excellent agreement 
with that argument in Figure 1141 However, the 
red pixel sequence of NGC 5194 is not satisfac- 



torily explained either by the metallicity effect or 
by the dust effect: neither of them agrees with the 
broken sequence of NGC 5194. Currently, we have 
no clear idea about what causes the broken shape 
of the NGC 5194 red pixel sequence on the pCCD. 
It may be due to the intrinsic difference between 
an early-type galaxy (NGC 5195) and the bulge of 
a spiral galaxy (NGC 5194), or it may be a unique 
property of NGC 5194 only. The pCCD compar- 
isons of more late-type galaxies may be useful to 
conclude this. 

4.2. Influence of Tidal Interaction on Stel- 
lar Populations 

In Paper I, it was shown that the pixel pop- 
ulations are not symmetrically distributed in the 
outer disk area (i? > 2' « 4.8 kpc) of NGC 5194, 
in the sense that the young population fraction 
(/pi) in the NGC 5195 side is larger than that 
in the opposite side by a factor of 2.3. This re- 
sult indicates that the interaction enhances the 
star formation activity in the bridge area between 
NGC 5194 and NGC 5195. This is not a surpris- 
ing result, because the enhancement of star forma- 
tion in the tidal bridge between two galaxies were 
already reported in some previous studie s (e.g., 
de Mello et"aDl2008t ISengupta et al.ll2009l ). 

In this paper, we investigated the variation 
of pixel populations along the tidal bridge (Fig- 
ure [13]), showing that the fpi+p2 shows a peak 
at the middle point of the tidal bridge, where the 
tidal arms from NGC 5194 and NGC 5195 seem 
to meet each other. At this location, the fpi and 
fp2 are almost the same as each other. On the 
other hand, another peak of the fpi+p2 is found 
near the center of NGC 5195, where most pixels 
with young stellar ages seem to be dusty (P2). 
The implication of those population distributions 
around the tidal bridge is as follows. First, the 
young stars in the tidal bridge tend to be spa- 
tially clumped. This is in agreement with the dif- 
fuse ionized gas distribution t raced using H a and 
[S ii] emission line s (Greenawa l t et al.l[r998 ) or us- 
ing CO mapping (jKoda et allboilL which shows 
bright gas clumps in the tidal bridge. The separa- 
tion between the two peaks of fpi+p2 is about 4 
kpc and the young population fraction at the in- 
termediate location between the two peaks is only 
4% (one fifth of the peak value) . Second, the dust 
distribution does not agree with the young stars 
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distribution. The dust fraction tends to increase 
with decreasing distance to the NGC 5195 center. 
Most young stars in the clump close to the NGC 
5195 center seem to be dusty, whereas only a half 
of the young stars in the clump at IS.0 ^ —110" 
from the NGC 5195 center do. 

5. CONCLUSION 

We carried out a pixel analysis of the interact- 
ing SO galaxy NGC 5195, using the HST/ AGS im- 
ages in the BVI bands. After 4x4 binning of 
the HST/ ACS images to secure a sufficient signal- 
to-noise ratio for each pixel, we have analyzed 
the pCMD and pCCD properties of NGC 5195. 
The spatial distributions of pixel stellar popula- 
tions have been investigated, too. We found sev- 
eral properties of NGC 5195, distinct from those 
of NGC 5194. Three main results were reported. 

First, in the pCMDs of NGC 5195, most pixels 
form a large red pixel sequence with large scat- 
ters, which is thought to be the characteristics of 
an early-type (SO) galaxy. The very weak blue 
pixel sequences of NGC 5195 seem to be a tran- 
sient feature, originating from the tidal interaction 
between NGC 5194 and NGC 5195. The estimated 
mean stellar ages of the blue pixels of NGC 5195 
range from 100 Myr to 1 Gyr. 

Second, the red pixel sequence of NGC 5195 is 
redder than that of NGC 5194, the difference of 
which corresponds to the dust optical depth dif- 
ference of 2 < Atv < 4 with an assumption of 
fixed age and metallicity. In addition, the scatter 
of the red pixel sequence is consistent with an in- 
ternal dust extinction up to Ary « 5. The dust 
distribution is a strong function of spatial loca- 
tion, in the sense that stronger dust extinction is 
found near the tidal bridge, which implies that this 
abundance of dust in NGC 5195 may be affected 
by the galaxy interaction. The shape of the red 
pixel sequence in the pCCD is different between 
NGC 5194 and NGC 5195. To check whether this 
is a typical difference between a late-type galaxy 
and an early-type galaxy or not, it is needed to 
compare pCMDs of more galaxies. 

Finally, the area in and around the tidal bridge 
between NGC 5194 and NGC 5195 shows a sig- 
nificantly larger fraction of young stars than the 
other area of NGC 5195 (by a factor larger than 
15), indicating that the galaxy interaction has trig- 



gered star formation or that many young stars 
have fiowed in from the spiral arm of NGC 5194 
via the interaction. The young stars (or young 
pixels) tend to be strongly clumped rather than 
evenly distributed along the tidal bridge, consis- 
tent with the clumpy distribution of ionized gas 
there. A young stars clump is found at the middle 
point of the tidal bridge. 

On the other hand, the dusty population shows 
a relatively wide distribution around the tidal 
bridge and tends to be biased toward the NGC 
5195 center. Since it is generally expected that 
cool gas a nd dust distributions are not very differ- 
ent ( e.g., Berruyer fc FrischI Il983t iKrueger et al 



19941 ). this disagreement between the spatial dis- 
tributions of young stars and dust is an interesting 
issue, if those young stars have formed from the 
gas flowed in from NGC 5194. Currently, we do 
not have a clear explanation for this problem. An 
interesting topic for further studies may be to re- 
produce the spatial distributions of gas, dust and 
stars in M51 through numerical simulations. 

In conclusion, the interaction with NGC 5194 
seems to significantly affect the recent star forma- 
tion history and dust enrichment of NGC 5195. 
Via the tidal bridge between the two galaxies, gas 
and dust may have fallen into NGC 5195, form- 
ing the blue stellar population and enriching the 
overall dust content of NGC 5195. This result 
shows that M51 is a good example of not only the 
galaxy-galaxy tidal interaction but also the hydro- 
dynamic interaction between galaxies with differ- 
ent morphologies, which is thought to be an impor- 
tant driver of the morphological transformation 
of galaxies ( Park fc Hwangl 2009f l. As the pixel 
properties of an interacting early-type galaxy, the 
results in this paper will be compared with the 
pixel properties of typical non-interacting early- 
type galaxies in our future studies. 

This paper presents the second results of the 
pilot studies for an observational research project. 
Pixel Analysis of Nearby Cluster Galaxies (PAN- 
CluG). All authors are the members of Dedi- 
cated Researchers for Extragalactic AstronoMy 
(DREAM) in Korea Astronomy and Space Science 
Institute (KASI). 
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Table 1 

Gaussian Fit Parameters of the Color Distributions as a Function of Pixel Surface 

Brightness 



V range 




Gaussian 1 




Gaussian 2 




(mag arcsec ^) 


A 

A\ 




CTl 


A 

A2 




0-2 










(For B - 


-V) 








17.5 - 


18, 


.0 


0.110 


0.867 


0.077 


0.048 


1.036 


0.154 


18.0 - 


18, 


.5 


0.247 


0.874 


0.076 


0.082 


1.039 


0.127 


18.5 - 


19, 


.0 


0.452 


0.779 


0.052 


0.309 


0.934 


0.139 


19.0- 


19, 


.5 


2.031 


0.661 


0.044 


1.474 


0.803 


0.122 


19.5 - 


20, 


.0 


7.009 


0.652 


0.042 


3.770 


0.743 


0.088 


20.0- 


20, 


.5 


9.978 


0.652 


0.068 


3.177 


0.805 


0.133 


20.5 - 


21, 


.0 


23.181 


0.646 


0.059 


7.702 


0.757 


0.132 


21.0- 


21, 


.5 


37.489 


0.630 


0.070 


4.007 


0.828 


0.092 


21.5 - 


22, 


.0 


143.322 


0.596 


0.074 








22.0- 


22, 


.5 


160.725 


0.582 


0.079 








22.5 - 


23, 


.0 


32.920 


0.540 


0.089 
















(For V - 


-I) 








17.5 - 


18, 


.0 


0.113 


0.985 


0.085 


0.035 


1.203 


0.178 


18.0- 


18, 


.5 


0.196 


0.999 


0.075 


0.090 


1.131 


0.155 


18.5 - 


19, 


.0 


0.342 


0.887 


0.065 


0.244 


1.071 


0.186 


19.0 


19, 


.5 


1.883 


0.761 


0.065 


0.938 


0.968 


0.160 


19.5 - 


20, 


.0 


6.801 


0.755 


0.063 


1.554 


0.904 


0.145 


20.0- 


20, 


.5 


8.912 


0.756 


0.088 


1.835 


0.973 


0.178 


20.5 - 


21, 


.0 


17.015 


0.730 


0.076 


6.386 


0.913 


0.167 


21.0- 


21, 


.5 


23.421 


0.692 


0.098 


3.122 


0.979 


0.254 


21.5 - 


22, 


.0 


81.209 


0.566 


0.082 


35.540 


0.670 


0.112 


22.0- 


22, 


.5 


128.673 


0.553 


0.096 








22.5 - 


23, 


.0 


30.024 


0.519 


0.096 









Note. — The fitting function formula is as follows: 
Fit(x) = Ai ■ exp(-(a; - Xi)^/ 2 ai^) + A2 ■ exp(-(x - 0:2) V 2 0-2^), 
where x is the color index {B — V ov V — I). 
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Table 2 

Red pixel sequences in the NGC 5195 pCMDs 



Binning 


4x4 


20 X 20 


50 X 50 


100 X 100 


200 X 200 


V range 


Median (SIQR) 


Median (SIQR) 


Median (SIQR) 


Median (SIQR) 


Median (SIQR) 



(For B-V) 



16.0 - 


16.5 


1.007 


(0.081) 


0.989 


(0.091) 


1.067 


(0.050) 








16.5 - 


17.0 


0.992 


(0.083) 


1.009 


(0.030) 


0.945 


(0.050) 








17.0 


17.5 


0.987 


(0.120) 


0.968 


(0.104) 


1.006 


(0.080) 








17.5 - 


18.0 


0.922 


(0.101) 


0.923 


(0.111) 


1.218 


(0.206) 








18.0 - 


18.5 


0.916 


(0.088) 


0.917 


(0.072) 


0.906 


(0.060) 


0.980 (0.204) 





18.5 - 


19.0 


0.863 


(0.113) 


0.878 


(0.122) 


0.870 


(0.092) 


0.912 (0.104) 


0.821 (0.000) 


19.0 - 


19.5 


0.754 


(0.103) 


0.757 


(0.104) 


0.772 


(0.094) 


0.783 (0.109) 


0.844 (0.071) 


19.5 - 


20.0 


0.695 


(0.066) 


0.693 


(0.063) 


0.691 


(0.058) 


0.697 (0.059) 


0.674 (0.082) 


20.0 


20.5 


0.690 


(0.076) 


0.690 


(0.076) 


0.696 


(0.077) 


0.687 (0.073) 


0.721 (0.064) 


20.5 - 


21.0 


0.672 


(0.064) 


0.666 


(0.055) 


0.665 


(0.054) 


0.667 (0.050) 


0.674 (0.031) 


21.0 - 


21.5 


0.639 


(0.055) 


0.634 


(0.045) 


0.633 


(0.043) 


0.636 (0.040) 


0.641 (0.040) 


21.5 - 


22.0 


0.594 


(0.050) 


0.588 


(0.026) 


0.588 


(0.024) 


0.588 (0.024) 


0.589 (0.024) 


22.0 - 


22.5 


0.582 


(0.052) 


0.583 


(0.019) 


0.582 


(0.014) 


0.582 (0.013) 


0.581 (0.012) 


22.5 - 


23.0 


0.539 


(0.059) 


0.571 


(0.016) 


0.572 


(0.009) 


0.572 (0.005) 


0.572 (0.005) 












(For 


V-I) 








16.0 - 


16.5 


1.159 


(0.120) 


1.136 


(0.136) 


1.186 


(0.000) 






16.5 - 


17.0 


1.119 


(0.106) 


1.134 


(0.054) 


1.060 


(0.068) 






17.0 - 


17.5 


1.113 


(0.138) 


1.125 


(0.121) 


1.139 


(0.102) 






17.5 - 


18.0 


1.042 


(0.115) 


1.048 


(0.122) 


1.502 


(0.289) 






18.0 - 


18.5 


1.045 


(0.098) 


1.052 


(0.076) 


1.033 


(0.065) 


1.147 (0.278) 




18.5 - 


19.0 


0.992 


(0.139) 


1.003 


(0.151) 


1.010 


(0.121) 


1.060 (0.136) 


0.940 (0.000) 


19.0 - 


19.5 


0.856 


(0.126) 


0.864 


(0.126) 


0.884 


(0.122) 


0.890 (0.133) 


0.989 (0.095) 


19.5 - 


20.0 


0.788 


(0.075) 


0.786 


(0.071) 


0.786 


(0.064) 


0.790 (0.062) 


0.769 (0.123) 


20.0 - 


20.5 


0.793 


(0.089) 


0.793 


(0.085) 


0.799 


(0.087) 


0.797 (0.074) 


0.845 (0.072) 


20.5 - 


21.0 


0.784 


(0.101) 


0.779 


(0.094) 


0.782 


(0.092) 


0.789 (0.101) 


0.785 (0.083) 


21.0 - 


21.5 


0.720 


(0.091) 


0.715 


(0.073) 


0.717 


(0.069) 


0.716 (0.066) 


0.708 (0.061) 


21.5 - 


22.0 


0.599 


(0.071) 


0.603 


(0.041) 


0.600 


(0.037) 


0.602 (0.036) 


0.603 (0.035) 


22.0 - 


22.5 


0.556 


(0.066) 


0.565 


(0.030) 


0.566 


(0.023) 


0.567 (0.021) 


0.569 (0.020) 


22.5 - 


23.0 


0.523 


(0.066) 


0.502 


(0.026) 


0.500 


(0.016) 


0.498 (0.012) 


0.501 (0.013) 
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A. Criteria for the Pixel Population Division 

We divided the pixel populations in this paper, using the following criteria: 

P1:B-V <0.8x{V-I)+ 0.3 
andB-V <-{V-I)+0.2, 

P2 : B - V < 0.9 X (V ~ /) - 0.2 
andS-y > -{V-I) + 0.2 
audB-V < 1.0, 

P3 : S - y > 0.9 X (F - 7) - 0.2 

and B - y < 0.8 x {V - I) + 0.3 
and S-y>-(y -7) +0.2 
andS-y < -(y-7) + 0.8, 

P4 : B - y > 0.9 X (y - /) - 0.2 

and B - y < 0.8 X (y - /) + 0.3 
and B-y>-(y -7) + 0.8 
and S - y < 1.0, 

P4' : B - y < 0.8 X (y - 7) + 0.3 
and B - y > 1.0, 

P5:B-y >0.8x (y-7) + 0.3. 
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